Cross-reactions and other systematic difficulties generated by the coupling of functional chemical subsystems pose the largest challenge for assembling a viable protocell in the laboratory. Our current work seeks to identify and clarify such key issues as we represent and analyze in simulation a full implementation of a minimal protocell. Using a 3D dissipative particle dynamics simulation method, we are able to address the coupled diffusion, self-assembly, and chemical reaction processes required to model a full life cycle of a protocell composed of coupled genetic, metabolic, and container subsystems. Utilizing this minimal structural and functional representation of the constituent molecules, their interactions, and their reactions, we identify and explore the nature of the many linked processes for the full protocellular system. Obviously the simplicity of this simulation method combined with the inherent system complexity prevents us from expecting quantitative simulation predictions from these investigations. However, we report important findings on systemic processes, some previously predicted and some newly discovered, as we couple the protocellular self-assembly processes and chemical reactions.
Introduction
The twilight zone that separates nonliving matter from life involves the assembly of and cooperation among different subcomponents, which we can identify as metabolism, information, and compartment. None of these ingredients are living, and none of them can be ignored when looking at life as a whole. When assembled appropriately in a functional manner, their systemic properties constitute minimal life.
Understanding the transition from nonliving to living matter requires one to consider far simpler cells than those of modern life. Cells as we know them in our current biosphere are highly complex. Even the simplest, parasitic cellular forms involve hundreds of genes, complex molecular machineries for energy harvesting and utilization, and intricate membrane structures [2] . Such modern organisms are presumably far away from the initial simple forms of cellular life that inhabited our planet a long time ago, whose primitive early cousins we are now attempting to assemble in the laboratory [26] .
Several complementary designs of protocells have been proposed that differ in the actual coupling between their various internal components [12, 16, 19, 27, 28] . One particularly important problem here, beyond the specific physical and chemical difficulties associated with the assembly of these protocells, is the problem of modeling the coupling of the possible kinetic and structural scenarios that lead to a full cell cycle. None of the current proposed designs has yet been formulated in a full mathematical model that in a 3D simulation is able to generate the possible outcomes of a successful coupling between the three prime components: the genes, the metabolism, and the container. We believe that a physically well-grounded modeling approach can provide critical insight into what can be expected from a coupled set of structures and reactions, how the nanoscale stochasticity can jeopardize appropriate molecular interactions, and even what are the effects of molecular information carriers in helping accurate replication to occur. In this article we present such a minimal 3D model, which in connection with ongoing experimental efforts is aimed at assembling and understanding a new class of nanoscale-sized protocells: the so-called Los Alamos bug.
In the Los Alamos bug, the container is built of amphiphilic surfactants. Due to their interaction with water, the surfactants spontaneously self-assemble into micelles with the hydrophobic ends of the surfactant molecules in the interior of the micelles and their hydrophilic ends in contact with the surrounding water. The interactions between the micelle and the other components of the Los Alamos bug, namely the photosensitizer, the genome, and the container precursors, allow the micelles to host these other components.
The genomic biopolymer ( possibly decorated with hydrophobic anchors) is also an amphiphile, and due to the specific nature of its interactions with water and the micelle, it will tend to reside at the surface of the micelle (see Figure 1b ). The sensitizer is a hydrophobic molecule and will therefore reside in the interior of the micelle. Once self-assembled, the protocell aggregate is fed with precursor molecules for the surfactants (oily esters), sensitizers, and genomic precursor oligomers. As surfactant precursors are hydrophobic, they will agglomerate inside the proto-organism and form a hydrophobic core (Figure 1c ). Light energy is used by the metabolism to transform precursors into new building blocks (surfactants and oligomers) of the protocell. The genomic oligomers that are complementary with particular stretches of the template strand will hybridize with it ( Figure 1d ). The fully hybridized templateoligomers complex, which now only has hydrophobic elements exposed, will move into the interior of the container, where polymerization of the oligomers occurs, followed at some later time by a random dissociation of the fully polymerized double-stranded genome into two single-stranded templates that move back to the surface. This process could also be enhanced by a temperature cycle around the gene duplex melting point that is gentle enough to preserve the integrity of the aggregate.
As surfactant precursors are digested, the core volume of the protocell decreases while at the same time new surfactants are produced. The resulting change in the surface-to-volume ratio causes the micelle to become unstable (Figure 1e ), until it finally splits into two daughter cells (Figure 1f ). Assuming that components of the growing parent micelle are appropriately distributed upon division, the two daughter cells will be replicates of the original organism, thus completing the protocell cycle.
In the above setup, the container, genome, and metabolism are coupled in various ways. Obviously, both the replication of the container and replication of the genome depend on a functioning metabolism, as the latter provides building blocks for aggregate growth and reproduction. In addition to that, the container also has a catalytic influence on the replication of both the metabolic elements and the genome: The micellar structure provides a compartment, which brings precursors, sensitizers, and nucleic acids into close vicinity, thereby increasing local concentrations and thus metabolic turnover. Furthermore, the micellar interface catalyzes the hybridization of the informational polymer with its complementary oligomer. Once the hybridized complex enters the water-poor or -free interior of a micelle, the thermodynamics should change sufficiently to allow a dehydration reaction to occur whereby the oligomers become polymerized. Alternatively, either the water-lipid interface could itself act as a ligation catalyst or the addition of simple amphiphilic catalysts could facilitate the gene polymerization process. Last, but not least, the nucleic acid catalyzes the metabolism, which otherwise is extremely slow. A summary of the subsystem coupling is shown in Figure 2 .
The Model
Dissipative particle dynamics (DPD) is a mesoscale simulation method introduced by Hoogerbrugge and Koelman in 1992. The method has been improved as a result of theoretical support, revision, and expanded capabilities [8, 15, 20] , and has been applied to a number of biological systems such as membranes [14, 31] , vesicles [33, 34] , and micelles [13, 35] . Also chemical reactions have been incorporated into the DPD method [5, 6] . In the context of protocells, DPD has recently been applied to study a self-replicating micellar system [10] . The DPD formalism used in this work is the revised version from Groot and Warren [15] that has become the de facto standard of DPD.
In general, DPD is a coarse-grained particle method in which a single particle does not represent an individual atom, but instead a group of atoms in a large molecule or several small molecules like water. This grouping allows one to average over fast degrees of freedom [11] and treat them as noise and friction. While this is the case for many particle-based methods (coarse-grained molecular dynamics, Brownian dynamics, etc.), the unique feature of DPD is a thermostat that conserves local momentum, and therefore the hydrodynamics of the system.
Dissipative Particle Dynamics
A DPD simulation consists of a set of N particles located in three-dimensional continuous space with Euclidean metrics. Each particle i has a position r i , mass m i , and momentum q i , from which one can derive its velocity v i ¼ q i /m i . Its motion is determined by a force field F i through Newton's second law of motion:
The force acting on particle i can be decomposed into pairwise interactions, which are each the sum of three different components -a conservative, a dissipative, and a random one:
where F C , F D , and F R are defined by . Functional coupling between container, metabolism, and genome. Note how the gene catalyzes (dashed arrows) the metabolic production (solid arrows) of both gene and container building blocks. The container ensures high local concentrations (proximity) and facilitates thermodynamic reaction conditions (dotted arrows) of both the metabolic molecules and the amphiphilic replicator polymers. The free energy is provided by light (hr), and the provided resources are precursor lipids r c , precursor gene oligomers r g , and sensitizers r m .
For each particle pair (i, j ), r ij ¼ r i À r j is the relative position, r ij ¼ |r ij | the center-to-center distance, and v ij ¼ v i À v j the relative velocity. We denote with n ij ¼ r ij /r ij the (unit) direction between the two particles. A detailed discussion of the different forces F ij X now follows. The conservative force F ij C is expressed in the usual way as the negative gradient of a potential
. In most DPD simulations, a pure repulsive soft core potential of the form
is used for all particle interactions. a ij and r c are constants that define the strength and range of the particle interaction. The magnitude of the resulting force decreases linearly from |F ij
The a ij 's depend on the type of interacting particles -and are therefore the appropriate place to parameterize the model. In addition, different particle pairs could be given different values of r c if one wanted to effectively give particles different radii. However, in the current work we choose r c ¼ 1 for all bead interactions, which is the standard in almost all DPD simulations.
For the study of information polymers and amphiphiles, individual DPD beads can be covalently bonded. A bond between bead i and bead j is formalized by an additional harmonic potential
with bond strength b and range r b . In addition to that, we introduce a bending potential to stiffen longer polymer strands: In a chain i À j À k of interconnected polymer beads, the angle u j formed by the two bonds of the central bead j induces an additional harmonic potential
where u eq is the equilibrium angle and c ijk denotes the strength of the bending potential. The dissipative force F ij D is a function of the relative velocity of the two particles. It models the viscous damping of the fluid. The friction coefficient D in Equation 4 scales the strength of this force, and N D is a distance weighting function not determined by the general formalism.
The random force F ij R accounts for thermal effects. It is scaled by a strength parameter j and a second weighting function N R . In Equation 5, s ij is a Gaussian distributed random variable with
In order to reproduce the right thermodynamic behavior, the DPD formalism must satisfy the fluctuation-dissipation theorem. As a consequence, the equilibrium state will obey Maxwell-Boltzmann statistics and therefore allow the derivation of thermodynamic properties. As shown by Español and Warren [8] , DPD satisfies the fluctuation dissipation theorem if and only if the weighting functions N D and N R obey the relation
In agreement with the DPD standard, we set
If Equation 9 is fulfilled, F ij D + F ij R acts like a thermostat to regulate the temperature of the system, and the equilibrium temperature k b T is given by
where k b denotes the Boltzmann constant. In molecular dynamics simulations, a variety of thermostats have been explored, but only the DPD thermostat is guaranteed to conserve linear and angular momenta of the particles and thus flow properties of the fluid (because all involved forces are central: F ij ¼ ÀF ji ). It is therefore the only thermostat that allows the study of transport processes [30] . However, it has to be pointed out that mass transport in the original DPD method is too fast compared to transport of momentum. Namely, the Schmidt number (i.e., the ratio of the kinematic viscosity to the mass diffusivity) of a DPD fluid is 1000 times lower than the one of actual water [15] . Thus, it is unclear how well diffusive processes are actually captured by the model. In agreement with the DPD standard, we use r c and k b T as our units of length and energy. All particles have unit mass m i ¼ 1. From Equation 1 we can derive the unit of time as H ¼ r c ffiffiffiffiffiffiffiffiffiffiffiffiffi ffi m=k b T p . We will give an estimate of the order of magnitude of the physical length in Section 3.
Incorporation of Chemical Reactions
A rigorous way to extend the DPD formalism to allow for chemical reactions would need to couple the free energy change of a reaction to the kinetic and potential energy reservoirs in the model in such a way that reactions result in local heating or cooling. This approach is highly nontrivial, and further method development in this direction is certainly needed. However, it is also not clear that this is needed in order to achieve the qualitative results that we are seeking. Thus, we employ a simple stochastic process on the basis of reaction rates that is executed between every two DPD updates. This algorithm was used in earlier Brownian dynamics simulations [25] . Our choice can be legitimated by the observation that chemical reactions are relatively rare events in our simulations and thus their impacts are rapidly equilibrated by the DPD thermostat.
Chemical reactions in our system occur between two reactants and fall into two different classes:
polymerization (of different bases or oligomers):
Each reaction has a given rate k s for spontaneous occurrence. The spontaneous reaction rate can be enhanced by the presence of nearby catalysts. The catalytic effect decreases linearly with increasing distance to the reactant up to a cutoff distance r cat , beyond which it is zero. For simplicity, the effect of several catalysts is modeled as a superposition. Thus, the overall reaction rate is given as
In these equations, the sum runs over all catalyst beads, with r C denoting the distance to the first reactant, r cat the maximal catalytic range, and k cat the catalytic rate. Polymerization has the further restriction that the distance between the reactants must be less than a maximal reaction range R. To deduce probabilities from the reaction rates, we used an agent-based-like algorithm that is given in the Appendix. If a reaction occurs, we change the particle types of the reactants from X to Y and/or establish or remove a bond between the reactants, depending on the type of reaction. Particle positions and momenta are conserved.
We also introduced particle exchange into the model to mimic the supply of chemicals into the system, which drive it out of its equilibrium. Our model allows us to define regions in which particles of a certain class can be exchanged with a given probability to reestablish a nonequilibrium state so that the system can continue to evolve. Note that total particle number is kept constant. Likewise, in chemical reactions we conserve positions and momenta when exchanging particles.
Components of the Minimal Protocell Model
We model the protocell with the following components: water, surfactant precursor, surfactant, sensitizer, information templates, and information oligomers and their precursors. Water (W) and sensitizer ( Z ) are single DPD particles. Surfactants are modeled as amphiphilic dimers: one hydrophilic head (H) and one hydrophobic tail particle ( T) connected by a covalent bond. Precursor surfactants are dimers of two hydrophobic particles (T -T). Interaction parameters (as multiples of k b T ) for the water and amphiphiles have been taken from [13] (where surfactants are modeled as dimers as well): 
These parameter values were originally used to analyze polymer-surfactant interactions. Later, the phase diagram for varying surfactant concentrations was analyzed [35] .
In order to keep the number of different parameters as low as possible, we express further interactions with the same parameters as the ones above: Sensitizer beads are hydrophobic. Thus, their interaction parameters are equal to those for surfactant tails: a Zj ¼ a Tj .
Genes
The gene is modeled as a strand of covalently bound monomers (A and B) with hydrophobic anchors (T) attached to it. We assume the gene is similar to a peptide nucleic acid (PNA) decorated with lipophilic side chains to the backbone. The reason why we are utilizing PNA and not DNA or RNA is that we want to have a non-charged backbone for the gene molecule to enhance its lipophilic properties. For details, see [28] . We note that the use of PNA decorated with lipophilic side chains in conjunction with an amphiphilic surface layer will cause the genetic material to have a behavior that is quite different from that of DNA or RNA in water. In particular, it is not at all clear that the two complementary macromolecules locally will lie in a common plane when hybridized with each other. Thus we investigated a number of possible different orientations.
By numbering the monomers within each strand, we introduce an orientation of the molecule that mimics the orientation of the actual peptide bond given by its Cand N-termini. This allows us to define the following vectors for each gene monomer bead: u i is a unit vector pointing from the previous monomer towards the current one. For the first monomer in the strand, u i ¼ 0. Likewise, v i is a unit vector pointing towards the next monomer in the strand (or 0 for the last monomer). z i is a unit vector pointing from the actual monomer towards its anchor bead. To obtain the association of PNA to the micellar surface, the molecule is modeled as interconnected amphiphiles. For the hydrophobic anchors, we use the same bead type T as used for the surfactants and precursors, while nucleotide beads share the interaction parameters of the hydrophiles:
We need to introduce additional interactions that describe the affinity of complementary gene monomers. Due to the rather complex combination of hydrogen bond formation, cooperative stacking, and k stacking between real gene monomers, we cannot expect the complementary monomer bead forces to be as simple as the bead-bead interactions introduced earlier. We now implement and test several alternative representations of such base affinities, as discussed below.
a. Undirected attraction: The obvious extension of F ij C to include attractive interactions is a combination of attractive and repulsive components. Thus, in the first representation, we replace F AB C (r) by the stepwise linear function
with r c 2 > r c and a 2 < 0. Different attraction strengths a 2 will be used and compared in later computer simulations (Section 3.4.1). To compensate strong attractions for small values of r, we will vary the repulsion strength a 1 ¼ a AB accordingly. Note that another generalization of F AB C 1 compared to F AB C is the change in the interaction range, which, in addition to the standard r c dependence, now also depends on the actual pair (A, B) through r c 2 .
b. Directed perpendicular attraction: In the real gene system, hybridization is partly due to the formation of H bonds between the complementary nucleotides. H bonds share features with covalent bonds, which are better characterized by directed than by undirected interactions. Hence, in the second representation, we introduce directed attractions parallel to the A -T and B -T axes. Here, we replace F AB C by
with the above definitions for r, z, and n. Again, different attraction coefficients a 2 will be compared in the later simulations. The value a 1 ¼ a AB , on the other hand, can be held fixed, because the attraction vanishes when r approaches 0. We set
We call this interaction perpendicular, because the strongest attraction will be perpendicular to the surface of the micelle, once the PNA strand is attached to the surface of the micelle (Figure 3a ).
c. Directed tangential attraction: The third representation is similar to the second, except that attraction is now perpendicular to the backbone and to the AT (or BT) axis. The force is attractive towards one side of the PNA and repulsive towards the other -hence, this is the only implementation that catches the directionality of the molecule:
This force is expected to be strongest tangential to the surface of the micelle. As in the last case, we will vary a 2 , but keep a 1 fixed at a value of 35k b T (Figure 3b ).
Covalent bonds within PNA strands have a bond strength of b ¼ 150k b T with an ideal bond length r b ¼ 0.5r c for bonds between nucleotides and anchors, and r b ¼ 0.75r c for bonds between the nucleotides themselves. In addition, we introduce stiffness (Equation 8) within the PNA strand: Angles of interconnected strands prefer to be stretched out
With the stiffness we model folding restrictions of the peptide bond, as well as k-k electron stacking of nearby nucleotides. This affects only the PNA chain, not the bonded hydrophobic anchors, as they do not experience any bending potential. Table 1 summarizes the chosen set of parameters.
Reactions
For the above-listed components we introduce the following chemical reactions.
First, we define a reaction that transforms the oil-like precursor surfactants into actual surfactants. In the real chemical implementation of the protocell, the precursors are fatty acid esters. The ester bond of the precursor surfactant breaks, thereby producing a fatty acid -the surfactant-and some small aromatic molecule, which is considered waste. Disregarding the production of the waste, we model this reaction by the scheme
which reflects that both parts of the ester are hydrophobic, while the resulting surfactant is an amphiphile. For simplicity, the spontaneous reaction rate is set to 0H À1 . The sensitizer acts as a catalyst with a catalytic radius of 1.0r c . In our simulation, the catalytic rate of the sensitizer can be turned on (k cat ¼ 1.0H À1 ) and off (0H À1 ) interactively by a switch. This mimics the photoactivity of the sensitizer. Second, we introduce reactions to form covalent bonds between the terminal monomers of pairs of oligomers:
These syntheses are only applied to the terminal monomers in the PNA strands and involve no catalysts. The maximal range is 0.75r c ; the maximal reaction rate is k max ¼ 0.1H À1 . The actual reaction rate between monomers i and j further depends on the orientation of the ligating strands: We set
This formulation also prevents covalent bonds between complementary strands (which are antiparallel, and thus have an effective k close to zero).
Results
We use the model discussed above to study various aspects of the life cycle of the Los Alamos bug as depicted in Figure 1 . In particular, our simulations address the spontaneous self-assembly of proto- cells (Figure 1a , b), the incorporation of resources (b, c), the metabolic growth of the protocell (d, e), template reproduction, and finally fission into two daughter cells (e, f ). We will further analyze some of the catalytic coupling processes explained in the introduction. All simulations are performed in three-dimensional space with periodic boundaries. We set j to 3 and D to 4.5, which leads to an equilibrium temperature of 1k b T. A total bead density U ¼ 3.0r c À3 is used for all simulations. System size and number of iterations are noted for each individual simulation run. We integrate Equation 1 numerically with the DPD variant of the leapfrog Verlet integrator discussed in [15] , with E ¼ 0.5 and a numerical step width of Dt ¼ 0.04H.
Self-assembly of Micelles
We initialize a cubic box of size (12.5r c ) 3 randomly with 2.9 water beads and 0.05 surfactant dimers per unit volume, or 5664 water beads and 98 dimers in the box. Simulations are performed for 0H < t < 1000H with the interaction parameters summarized in Table 1 and the model parameters given in the introduction to this section. We observe the formation of spherical micelles with aggregation numbers up to about 20, with a peak around 12. This is shown in Figure 4 , where once the system had reached an equilibrium state, we followed its behavior. For each time step we recorded the number of aggregates of a particular aggregation number and hence the total number of surfactants in the aggregates of that size. The average of this result over the number of time steps was than histogrammed. We also observe a continuous exchange of surfactants with the bulk phase. As a result of these associations and dissociations, we find a number of free monomers and submicellar aggregates in the bulk phase. These observations qualitatively fit theoretical and experimental results (see, e.g., [9] ).
Although we do not intend to model specific chemicals, we can roughly estimate the order of magnitude for the physical length scale of our simulation, using a procedure proposed by Groot and Rabone [14] . Our calculation is based on sodium alkane sulfates, as these are well-studied surfactants with properties similar to the fatty acids used in the real chemical implementation. Table 2 lists the critical micelle concentration (CMC), that is, the minimal concentration at which micelles spontaneously form. The table also gives the mean aggregation number and the volume of these molecules. Figure 4 . Micellar size distribution for a system containing 2.9 water beads and 0.05 surfactant dimers per unit cube. To obtain the aggregate size histograms from a system state, every two surfactants whose T beads are separated by less than r c are considered to belong to the same aggregate. 20,000 states of an equilibrated system (200H < t < 1000H) are averaged in the distribution shown.
Under the simplifying assumption that all DPD beads have equal effective volume, we can derive the molecular volume of a single DPD bead, and -knowing the molecular volume of water
which tells us how many water molecules are represented by a single DPD bead. The average number of DPD water beads per unit cube is U, each one of them representing N m molecules. Therefore, the physical length scale r c resolves to
We will work with solutions that are quite dilute and hence dominated by water. Noting that a liter of water has 1000/18 ¼ 55.56 moles of water in it, while a volume of r c 3 has UN m molecules of water in it, we find that a concentration of 1 particle/r c 3 yields a unit of concentration as
With these estimations, we find that the lipid concentration in the above simulation represents between 0.11 and 0.20 mol/l. It is somewhat arguable how to estimate the concentration of free lipids in the bulk phase, because our simulations do not yield a sharp distinction between free lipids -that is, submicellar aggregates -and proper micelles. Assuming that the most reasonable choice for such a distinction is the first minimum in the micellar size distribution at aggregates of size 5 or less, from Figure 4 we get an average of 22.9 free surfactants in the bulk phase out of 98 lipids in Table 2 . Data for sodium alkane sulfate surfactants with varying tail length. For each surfactant, CMC and mean aggregation number are listed from [3] . The molecular volume is estimated from the number n of carbon atoms using the formula V ¼ 27(n + 1) Å 3 the total volume, that is, 76.6% of the surfactant is micellized, and the free lipid concentration lies between 0.03 and 0.05 mol/l. Knowing the physical surfactant concentration, we can compare this finding with the prediction of the closed association model [9] . According to this model, surfactants are either in bulk phase (S) or in micelles of aggregation number N (S N is also given in Table 2 .
We find that our model best matches the aggregation numbers of short chain surfactants (NaC 6 H 13 SO 4 ), while our micellization ratios more closely match the predictions for the somewhat longer chains (NaC 9 H 19 SO 4 ). Although our model representation of surfactants as dimers is rather simplistic, we find a reasonable match (at least in the order of magnitude) between experiment, simulation, and theory. It should be noticed that the micellization parameters for fatty acids, which are the container surfactants of choice in the Los Alamos bug, are qualitatively similar to the listed sodium alkane sulfate surfactant parameters, which are the best-studied surfactants in the scientific community. Given the easy availability of relevant parameters for alkane sulfate surfactant parameters and the level of coarse graining in our DPD model, we can safely use these experimental data to calibrate our simulation. It is conceivable that closer matches might be found by changing interaction parameters or the representation of surfactants. We have however decided to stick to the standard parameter set in order to get comparable results to earlier DPD simulations [10, 13, 35] .
Next, we analyzed a ternary mixture of water, surfactant, and oil. In the system described above, we exchanged an additional 0.1 water bead per unit volume by 0.05 hydrophobic oil dimers (T -T), which represent the lipid precursors of the Los Alamos bug. Starting from a random initial condition, the system forms loaded micelles: The precursors aggregate into a core in the interior of the individual micelles because of their high degree of hydrophobicity. This core is coated by surfactants, which shield it from water. We observe a stabilizing effect from the hydrophobic core: The rate of monomer dissociation from the aggregates decreases by a factor of 4 to 5. Dissociation of oil dimers does not happen during the simulations. Over the simulated time span (0H < t < 1000H), these loaded micelles constantly fused to form bigger aggregates. At t ¼ 250H, the system is composed of five micelles with aggregation numbers 12, 13, 16, 24, and 32, where the aggregation number just counts the surfactants in an aggregate and not any of the precursors or other components. At t ¼ 500H we find four micelles (with sizes 16, 24, 25, 32) and finally, for t ¼ 1000H, the system consisted of only two micelles with aggregation numbers 43 and 53. It remains unclear whether this was the equilibrium solution, or whether the two micelles would finally fuse to form a single aggregate. It is known that any given mixture of surfactants and oil in water results in some equilibrium aggregate structure, some such structures being useful and some less useful as protocellular container substrates; see, for example, the recent summary discussion in [23] .
In general, the addition of hydrophobic precursors allows aggregates to grow far beyond their micellar aggregation number, while at the same time, monomer dissociations from the assembly fall by a factor of 4 or more. This is consistent with simulation results from earlier studies of a similar surfactant-precursor-water system [10] . However, a more systematic DPD investigation is necessary to address the relation of dynamics, stability, and size distribution in this context.
Self-assembly of the Protocell
In this subsection, we study the self-assembly of protocells. We initialize a cubic box of size (7.5r c ) 3 with 1212 water particles, 21 surfactant dimers, four sensitizer particles, and one PNA strand that is four nucleotides in length. All other simulation parameters are as before. Using these numbers, we achieve the same overall particle density and the same surfactant concentration as in the previous section.
Starting from an arbitrary initial condition, we observe the spontaneous formation of a protocell, that is, a micelle that is loaded with sensitizer, that has PNA attached to its surface, and whose nucleotides are exposed to the aqueous phase (see Figure 5 ). Aggregation happens within a remarkably short period: After only 10 time units, we already find complete protocells. The lipid aggregation number of this micelle is around 14, with few associations and dissociations of monomers. The slight increase in aggregation number along with a decrease of monomer dissociations is most probably due to the stabilizing effect of the additional sensitizers.
Replication of the Container
The dynamics of a surfactant-precursor-water system similar to the one under consideration has been studied in detail in [10] . Considering precursor and surfactant kinetics, the previously analyzed system differs from the one discussed here in that (i) the catalytic role of sensitizers is performed by the surfactants themselves, and (ii) the metabolic turnover is not regulated by turning the light on and off, but instead only follows chemical mass kinetics. Using simulations based on classical lattice gas methods, Coveney et al. [7] in 1996 reproduced the micellar self-replication experiments of Bachmann et al. [4] . In 1998 and 2000 Mayer and Rasmussen developed an extended lattice polymer approach [21, 22] for explicitly including polymers and chemical reactions similar to the current DPD approach, and they were also able to reproduce the experimental findings by Luisi's group [4] . The purpose of this section is to show that the reported dynamics also hold for the metabolic reaction scheme of the Los Alamos bug.
A system of size (10r c ) 3 is initialized with a micelle consisting of 15 surfactants and loaded with four sensitizer beads in its interior. Model parameters are given in the beginning of this section. In a single spherical region of radius 2r c located away from the micelle, pairs of water particles are replaced by surfactant dimer precursors with an overall exchange rate of c 2.5 Â 10 À3 precursors per time unit.
Because of their hydrophobic nature, the precursor molecules tend to agglomerate into oil-like droplets. The diffusion of such droplets becomes progressively slower the bigger they are. This initiates a positive feedback: The bigger the droplets, the more slowly they diffuse out of the exchange region. The more slowly they diffuse, the more likely they are to accumulate additional precursors before they diffuse out of the exchange volume. By varying the volume of the exchange region and/or the rate of exchange, one can set the mean size of the precursor droplets that are formed. Due to the positive feedback, the effect will not be linear with either the exchange region size or the exchange rate.
Since we do not want the non-continuous exchange events to disturb the system's dynamics too much, we restrict particle exchange to a region of 2.0r c (3% of the total system volume). By varying the exchange rate used to introduce precursors, we find that 5.0 Â 10 À5 is close to the optimum for which droplets of precursor molecules are provided at a reasonable rate, yet are still small enough to diffuse at a reasonable speed. With these values, the precursor droplets consisted of 5 dimers on average. Once in the vicinity of a micelle, the droplets are immediately absorbed. When the micelle absorbs 15 precursor molecules into its interior, we stop supplying additional precursors and trigger the catalytic activity of the sensitizer by turning on the light. During the metabolic turnover, the micelle grows in amphiphile number, while losing few, if any, amphiphiles due to the stabilizing effect of the remaining precursors as was discussed previously. It responds to the changing surfactant-to-precursor ratio by changing its shape from spherical to rodlike. The elongation continues until nearly all the precursors are metabolized. At some moment, the elongated aggregate becomes unstable and divides into two daughter cells (see Figure 6 ). With the parameters used, overall precursor turnover and fission takes place in approximately 20 time units (i.e., 500 time steps).
We compared the above findings with simulations of an unregulated system, where the precursor supply and catalytic rate are not triggered, but instead held constant over the whole simulated time span. The objective behind this simulation was to find whether the system might feature inherent self-regulation: As the precursor forms droplets in the bulk phase, their incorporation into the micelle occurs in spurts rather than continuously. If the introduction rate of precursors into the system is locally fast enough to allow larger droplets to form (especially due to the positive feedback effect), a larger number of precursors can simultaneously enter the protocell. Then if the metabolic turnover rate is sufficiently fast, the turnover of the large number of precursors might be sufficient to trigger container division rather than having a slow but continual loss of newly formed amphiphiles.
To investigate this possibility, we performed simulation runs for a system of size (10r c ) 3 initialized with a micelle of 15 surfactants and four sensitizer beads. Other model parameters are the same as given in the beginning of this section. Precursors were supplied by the same mechanism and rate as before. We observed the incorporation of droplets between 3 and 9 precursor dimers in size. As the transformation of precursors happened significantly faster than the precursor supply, nearly each droplet was transformed separately. When only a few precursors were absorbed at once (i.e., in a small droplet ), the micelle responded by rejecting several surfactants into the bulk phase. Such loose surfactants then formed submicellar aggregates or attached to precursor droplets when present. However, when the incorporated droplet was big enough, the outcome of the metabolic turnover was a proper cell division. A micelle that consisted of 15 surfactants and four sensitizers, for example, split in two after the absorption and turnover of 8 precursors. The fission products were two micelles, one with 14 surfactants and three sensitizers and the other with 9 surfactants and one sensitizer.
This result suggests that the explicit regulation of the metabolic turnover by light bursts might not be necessary to obtain the replication cycle of the container, as a similar regulation can be obtained by a careful regulation of the provided precursor droplet sizes. Light control might, however, still serve as a convenient mechanism to synchronize container and genome replication if they occur on separate time scales. Figure 6 . Replication dynamics of the container. Precursors are fed into the system far from the micelle at the (periodically reflected) edge of the system space. They form droplets in the aqueous phase, which are absorbed by the protocells as a whole. Protocells grow by incorporation of precursors. After a critical amount of precursor is transformed into surfactant, the assembly loses its stability and splits into two daughter cells (right frame).
Replication of the Genome
In our experience, the most difficult component of the protocell to model with DPD methods is the genome and its behavior. Furthermore, the DPD hybridization process seems more ill defined than the ligation process, which is why our discussion of the replication of the genome is divided in two consecutive steps: hybridization and ligation. Recall that hybridization denotes the alignment of short PNA oligomer sections along the template PNA strand and ''hydrogen'' bonding to it, while ligation -or polymerization -is the reaction that turns aligned oligomers into an actual (complementary) copy of the template.
Hybridization
Replication of the genome essentially depends on the stability of the hybridized complex: It can only occur if the double strands are stable for a time long enough for all the needed oligomers to diffuse to and align with the template. It should be noted that if more than two oligomers are involved, the joining of additional oligomers and their polymerization can occur sequentially, so the unpolymerized templates need not all be simultaneously attached. As will be shown further below, once some polymerization has occurred, that section will be more stable in hybridized form. We studied the stability of the hybridization with the following simulation: A system of size (5.5r c ) 3 was initialized with an oil layer that is meant to mimic a two-phase system (single beads of type T are confined to lie below a plane above which the water is located). The overall particle density is U ¼ 3r c
À3
, as in the earlier experiments, in order to make the hybridization process as simple as possible. As we shall see later, aggregate surfactant dimers tend to tangle with the gene anchors, which both slows down the hybridization process and makes it less accurate. A four-monomer long PNA template was placed at the oil-water interface with its anchors pointing down toward the oil and its bases pointing up toward the aqueous phase. A pair of 2-nucleotide-long complementary oligomers was placed at a distance of 0.5r c from this strand at a location and orientation for proper hybridization. The location and orientation were varied to match the different hybridization cases studied. In the case of directed perpendicular attraction, this meant that all the beads of the complementary PNA molecules are outside the interface plane, with their hydrophobic anchors pointing away from the hybridization site. In contrast, in the case of tangential attraction, both the template and the oligomers span the interface region, as shown in Figure 7 .
In the system modeled, we only had two different types of monomers (A, B) , with A and B being complementary to each other, but not self-complementary. All possible tetramer templates were used (e.g., AAAA, AAAB, ABAB, ABBA), excluding symmetric configurations (e.g., BBBB, BBBA, BABA). Figure 7 . Initial setup of the hybridization simulations. The system is initialized with an oil layer that mimics the oil-water interface of a two-phase system. A tetramer template and two complementary dimers are placed at the interface so that they form a hybridization complex. The association time of such hybridization complexes is measured for different PNA implementations and attraction forces.
For each template only the proper complementary dimer oligomers were used. The different tetramer configurations can differentially hinder the ability of the complementary bases to slide along the template.
During the simulations, the distances between all four complementary base pairs were measured at every time step. When one of these distances exceeded 1.5r c (the maximal interaction range for complementary bases), the PNA strands were considered to be dehybridized. The time it took for the double strands to dehybridize -that is, the association time of the hybridized complex -serves as a measure of the stability of that state. After a maximum of t ¼ 100H, simulations were truncated and the hybridization was considered to be stable.
For the three different representations of PNA hybridization (see Section 2. 3.1, cases a, b, and c) , we performed simulations for all possible combinations of four bases excluding symmetrical combinations. Strengths for attractive forces were set with respect to the repulsive force parameter a AB so that complementary bases attracted each other but did not overlap by more than 0.6r c . The association times were measured using 10 to 20 runs for each combination. Results are shown in Figure 8 .
a. Undirected attraction: In the case of undirected attraction, we found mean association times between 2.12H for a 1 ¼ 50k b T, a 2 ¼ À10k b T, and 7.76H for a 1 ¼ 65k b T, a 2 ¼ À20k b T. For strong attractions, association times tended to increase with the number of equal (preferably nearby) nucleotides in the template (AAAA is the most and ABBA is the least stable sequence). However, these differences were rather small. b. Directed perpendicular attraction: For directed perpendicular attraction, the mean association times ranged from 0.45H for a 2 ¼ À10k b T to 0.98H for a 2 ¼ À30k b T (a 1 ¼ a AB ¼ 35k b T for all cases) without any significant variation for different sequences. For most simulation runs, it took only a few time steps for the initial complex to dehybridize. The reason for the poor hybridization of the PNA for the perpendicular attraction is quite obvious: Due to the amphiphilic character of PNA, the strands will arrange so that nucleotides point towards water and the anchors towards oil. Thus, the attraction is directed perpendicular to the oil-water interface and into the aqueous phase, where the oligomers do not want to reside. Because of the dot product in Equation 15 , the attraction between two PNA molecules on the interface is marginal and the association time is essentially a matter of diffusion.
c. Directed tangential attraction:
In contrast to the other tested situations, in the case of directed tangential attraction, one can see significant differences in the association time of the initial hybridized complexes, provided the attraction is strong enough: For gene sequences with pairs of equal bases at terminal positions (e.g., AAAA and AABB), hybridization is usually less stable than for sequences without equal bases at terminal positions (ABBA and ABAB). The association time of sequences with only one such dimer lies between the values for the above two situations. Examination of the simulations reveal the cause of this trend: A continuous group of two or more equal monomers, one of which is a terminal position of the template, allows the attached dimer to slide along the template strand without a strong penalty in potential energy, and eventually protrude beyond the end of the template. In this misaligned configuration, the dimer can easily distort from the parallel alignment, thereby reducing the overall attraction to the template, until it finally disassociates from the complex. Distinct bases at terminal positions, on the contrary, prevent this sliding along and then off of the template, thereby significantly stabilizing the hybridized state.
For the more promising PNA implementations -undirected and tangential attraction -we further measured the mean distance between complementary bases (hybridization distance) and the distance between those bases in the oligomers that are supposed to polymerize ( ligation distance). We performed these measurements using the sequence AAAA for the undirected and ABBA for the tangential attractions (interaction parameters are given in the caption of Figure 9 ). Simulations are performed for 0H V t V 1000H. The resulting time series are shown in Figure 9 .
In the case of tangential hybridization one finds two alternating domains in the hybridization distance time series: (i) When oligomers are aligned to the template, the mean hybridization distance is around 1.04r c with only small fluctuations and an average ligation distance of 1.01r c (e.g., 430H V t V 450H and 700H V t V 780H in Figure 9 ). In between such periods, (ii) oligomers dissociate from the template and diffuse over the interface, which is indicated by the large variance in hybridization distance.
Undirected attraction, in contrast, yields hybridization distances around 1.07r c with significant continual fluctuations and a mean ligation distance of 1.158r c . One cannot observe the locking of the hybridized state that is apparent for the tangential attraction: Although the oligomers preferably stay in the vicinity of the template, they are not forced into any particular orientation. Investigation of simulation states reveals that oligomers align along different sites of the template or even cross the template strand. Thus, although it appears from a quick look at Figure 9 that the undirected attraction performs better on average, it is only during the locked-in period that the desired reactions Figure 8 . The association time (i.e., the time until the initially hybridized complex becomes dehybridized) for different PNA template sequences of length 4 using (a) undirected, (b) perpendicular, and (c) tangential attraction. For each implementation, three different attraction strengths are compared, as given in the key for each part. a 1 denotes the coefficient of the repulsive part, and a 2 the coefficient of the attractive part, of the interaction force. In the case of directed attraction (b and c), a 1 was set to 35k b T independent of the respective value of a 2 . In c, the plotted averages are lower bounds for the actual averages, as simulations were truncated at t ¼ 100H. If runs were truncated, the multipliers above that run designate how often this was done.
occur. We can therefore conclude that only the implementation of PNA using tangential attraction is able to generate a proper hybridization and base recognition approximation.
It is assumed that the PNA replication is catalyzed by the oil-water or surfactant-water interface. This is because: (i) lipophilic PNA concentrates at the oil-water interface and thus obtains a much higher local concentration there than in water; (ii) the interface contains a lower water concentration than the bulk phase; (iii) the interface might act directly as a catalyst for amide bond formation; and (iv) the PNA is more spread out (linear) when attached to the interface. To test the geometric part of this hypothesis, we also performed simulations of hybridization in pure water. We randomly initialized a box of size (5.5r c ) 3 with water, PNA template (ABBA), and complementary oligomers, using directed tangential forces (the overall bead density was U ¼ 3r c À3 ). Simulations were performed for 0H V t V 1000H. Hybridization and ligation distances are plotted in Figure 10 .
The mean hybridization distance in this scenario is 1.41r c (which is close to the maximum radius r c 2 at which attraction of complementary nucleotides still exists), with a standard deviation of 0.34r c . Figure 9 . Mean hybridization (upper panel) and ligation distance (lower panel) for the PNA templates (and corresponding oligomers) AAAA using undirected attraction with a 1 = 65k b T, a 2 = À20k b T (gray), and for ABBA using tangential attraction with a 1 = 35k b T, a 2 = 40k b T (black). By hybridization distance, we mean the average distance between complementary nucleotides; by ligation distance, we mean the minimal distance between two terminal nucleotides that are supposed to polymerize. The maximal values of the various distances are limited by the small size of the box. Moreover, there is no clear separation between hybridized and dehybridized states. In contrast to the scenario for the oil-water interface, the oligomers never completely dissociate from the template. However, the oligomers are not properly hybridized either. Instead, the template and complementary strands attract each other mainly due to the hydrophobic interactions between the tail beads of these strands rather than due to forces between their bases. Inspection of the simulated states shows that oligomers are seldom aligned parallel to the template. The overall structure has more resemblance to that of a micelle with geometries defined by the amphiphilic properties of the molecules, than to a double strand defined by base affinities. The ligation distance has an average value of 1.12r c with a standard deviation of 0.39r c . Unfortunately, this is smaller than in the previous simulations. This might result in ligation rates higher than those on the surface. However, if we decide to make the ligation probability depend on the angle between PNA backbones, the effective ligation rate is smaller than at the oil-water interface.
Last but not least, it is notable that we cannot achieve reliable hybridization without a stiffness potential in the PNA chain. In the absence of such stiffness, complementary bases within one strand tend to bind to each other and form sharp hairpin loops, even for very short strands. This effectively hinders any proper hybridization except for a very few sequences that do not offer any possibility for loop formation (such as AAAA).
Ligation
To study the polymerization reaction, a tetramer template strand and two complementary dimers are placed randomly on the surface of a loaded micelle (20 surfactants, 20 precursors) within a system of size (10r c ) 3 and total density U ¼ 3.0r c
À3
. As ABBA was identified as forming the most stable hybridization complex, we restrict polymerization experiments to this particular sequence, using the PNA representation with tangential directed attraction (see Figure 11 ).
Of the performed simulations, eight out of ten generated proper template directed ligation, while the remaining two reactions occured spontaneously in the absence of the template strand and constitute the expected background reaction [24] . In our simulations, one of the two spontaneous ligation results was a correct complementary copy of the template strand, while the other was not. Note that in our simulation, polymerization has not been explicitly restricted to happen only between C-and N-terminals, which means that both ends can be concatenated with any other end. When ligation is template directed, six out of eight runs led to correct complementary sequences, while the other two resulted in mispairings of the form BABA. In summary, we find that correct replication is about 50% more reliable when directed by the template. If one prohibits the ligation of equal terminal beads (C -C and N -N), the reliability of replication is expected to further increase.
The simulations reveal that it can take a surprisingly long time for the oligomers to form a ligated hybridized complex with the template. Ligation occurs after 90H in the fastest and after 674H in the Figure 11 . The three steps of template directed replication: (a) Template (ABBA) and oligomers (BA and AB) diffuse over the surface of the micelle, (b) oligomers form a hybridization complex with the template strand, and (c) oligomers polymerize to yield a complementary copy of the template. slowest run. The average time is estimated as 223.2H . The huge variance is due to the random walk of template and oligomers over the surface of the micelle. Compared to the oil-water interface of the previous section, oligomer motion is further slowed down by the head particles of the amphiphiles as well as the dimer structure of the aggregate building blocks.
It is worth mentioning that, as expected, the hybridized complex is significantly more stable after the ligation has occurred than before. None of the hybridized complexes that formed in the above simulations showed any sign of dissociation within 750 time units after ligation took place.
Full Protocell Division
The last elemental step in the life cycle of the Los Alamos bug is the fission of the grown cell into two daughter cells as shown in Figure 12 . In addition to what was discussed in Section 3.3, here we studied the fission of the whole protocell after the replication of its genome, that is, a micelle loaded with some lipid precursors, sensitizers, and two complementary PNA templates. The objective is to illuminate how templates and sensitizers are distributed among the daughter cells. Although not addressed by simulations in earlier sections, here the influence of the number of sensitizers is also investigated.
Proper division into two daughter cells requires the melting of the double-stranded PNA resulting from genome replication, which may be achieved by a temperature cycle. In the DPD formalism, temperature translates into the interaction parameters a ij . To study the impact of a temperature cycle on the whole system, one would need to exchange the interaction parameters between all DPD beads. For simplicity in these initial investigations, and in the absence of a rigorous calibration of our model, we chose to invoke melting by simply turning off the attractive hybridization interactions between the PNA bases.
We performed simulations of a system of size (10r c ) 3 with an initial protocell consisting of 20 surfactants, 20 precursors, four to eight sensitizers, and two PNA template strands randomly located on its surface. Otherwise, the standard parameters listed in the beginning of this section were used. Snapshots of the system are shown in Figure 12 . In all cases, metabolic turnover initiated the division of the aggregate at times of between 50H and 100H after the start of the simulation. Fission times were found to be longer than in the former experiments. This was because the aggregate consisted of more particles and because the template strands stabilized the rodlike aggregate that precedes protocell division. It was observed that PNA strands were preferably located along the elongated part of the aggregate, rather than at the caps. We believe that due to the stiffness parameter (Equation 8) of the PNA strands, the aggregate tends to elongate in a direction that is parallel to the PNA's long axis.
Using only four sensitizers, the distribution of sensitizers and PNA among the daughter cells was rather diverse: In one out of ten runs, all sensitizers and templates remained in one of the fission products, while the other consisted of only 11 surfactants. In seven of the runs the partition was nearly even: Both sensitizers and templates were equally distributed between the two daughter Figure 12 . The division of the whole protocell completes the life cycle of the Los Alamos bug. A mature protocell is loaded with precursor molecules, sensitizers, and two complementary PNA strands. During the metabolic turnover of precursors, the aggregate elongates and divides. Both PNA strands and sensitizer molecules tend to distribute evenly among the daughter cells when only a few sensitizers are present. cells, which differed in aggregation number by at most 3 surfactants. Last but not least, we also observed two runs where the other components were distributed equally, but one of the daughter cells contained both template strands. We note that although it was not observed, it might be possible for a template to connect two otherwise divided aggregates by attaching to both their surfaces.
One might expect the equipartition of sensitizers is more likely when their number is increased. Our simulation results, however, showed quite the opposite: Protocells loaded with eight sensitizers instead of four almost always responded by rejecting an average of 11 to 12 surfactants. By doing so, the protocell was able to maintain a stable spherical shape even with an aggregate number of 27 surfactants. This is due to the collective stabilizing effect of the strongly hydrophobic core of sensitizers within the aggregate. The more sensitizers are added, the more they will tend to stick together. The more they stick together, the less likely they will partition into different daughter cells. Thus they are better able to stabilize the amphiphilic dimers in the aggregate. For an initial protocell that holds six sensitizers, proper division can still be observed, but the results are less reliable than in the case of four sensitizers. For six sensitizers, equipartition of sensitizers was only achieved in one out of five simulations. The other runs led to empty micelles or a situation where one of the daughter micelles had only one sensitizer bead. Equipartition of PNA could not be achieved for the cases with either six or eight sensitizer beads.
Discussion
Because of the inherent simplifications of the aggregated DPD simulation technique and the inherent complexity of our protocell system, accurate predictions of neither the detailed kinetic nor the thermodynamic properties could be expected. However, insights into generic issues and likely system behavior could be obtained by the illumination of the systemic properties of the proposed protocell design. In particular, we were able to see how the global behavior emerges from the simple and welldefined properties of the underlying molecular ingredients. Interpolation between several simulation methods combined with experimental data is necessary to obtain predictive understanding of this protocellular system. Investigations based on quantum mechanics, molecular dynamics, and reaction kinetics, combined with these and other DPD studies, hopefully can address the quantitative prediction issues in a more complete manner [26] .
We found that the micellar kinetics that underlie the container replication are highly affected by hydrophobic molecules present in the solution. In the design of the Los Alamos bug, these hydrophobic molecules can be the metabolic precursors and sensitizers. As these molecules are incorporated into the protocell, they form a core that stabilizes the aggregates. Such loaded micelles have a larger aggregation number than micelles in a pure surfactant-water system, and the surfactant exchange with the bulk phase is strongly decreased. The simulations thus suggest that a threecomponent (ternary) surfactant-oil-water system is more suitable for yielding a suitable container than a two-component system based on surfactant and water only.
We also observed that protocells grow in spurts rather than continuously, even with a continuous supply of resource molecules. This is because the oil-like precursor molecules form droplets before they are absorbed by the aggregates. Furthermore, due to slower diffusion of larger objects, once the droplets start to form, volumewise they will tend to grow ever more rapidly the larger they become prior to being absorbed. The spurtlike support of resources might be sufficient to initiate the division process of the aggregate if these droplets have the appropriate size. If so, the system would be selfregulated and no further triggering of the metabolism (as with an external light switch) would be necessary. Whether or not this self-regulation enables a reliable replication of the whole organism also depends on a number of other factors, such as the rate of precursor supply compared to the replication rate of the genome. Further simulation investigations will be necessary to identify whether the metabolic self-regulation is sufficient when the precursor supply rate is not carefully balanced.
Our representations of the biopolymer that stores genomic information can be considered to be the crudest feature of the model. None of the implementations relate in detail to the actual physicochemical traits of the real PNA molecule. The behavior of the PNA molecule with hydrophobic side chains in our protocell is also found to be quite different from that seen for DNA or RNA in water. Unlike DNA, where hybridized base pairs are radially opposite, in our PNA the hybridized bases are more likely to line up side by side in our attempts to model them. Furthermore, we have not been able to achieve an appropriate modeling of the balance between the hydrogen bond formation and the k stacking between the bases, in large part due to the hydrophobic and amphiphilic elements involved. More work and new ideas are needed here. However, we believe that the most fundamental properties of the biopolymer used -a PNA strand decorated with hydrophobic anchors that is able to hybridize with another PNA strand via H-bonds -is captured, at least in a qualitative manner. Against the background of this caveat, two findings are of particular interest: The simulations reveal that even our simple template representations are sufficient to affect the stability of the hybridization complex. In other words, it is observed how a molecular fitness function emerges from very few assumptions about the underlying molecular implementation. Furthermore, this fitness function is not a simple superposition of the individual monomer properties, but rather depends on the sequence of nucleotides in the genome. This finding is consistent with experimental studies on non-enzyme template-directed replication of RNA [1, 17] .
It should be noted that an aggregate catalyzed gene replication could be realized in a variety of ways. In this implementation, we have assumed that the aggregate-water interface catalyzes the oligomer ligation process. Alternatively, one could imagine that the hybridized PNA complex sinks into the interior of the aggregate as a consequence of H-bond saturation. Here ligation, which is a dehydration reaction, might be favored due to the low local water content. None of our genome implementations can capture this behavior. In order to achieve it, one would probably need to alter the hydrophilicity of the surfactant head groups, depending on their hybridization state. We did not explore this route any further, since it has not yet been clarified how the hybridization complex behaves in the experimental system.
Equipartition of the components among the daughter cells after the division was achieved only when a few hydrophobic sensitizers are present in the protocell. Above a minimal number of sensitizers, equipartition becomes less probable as the number of sensitizers is further increased. This counterintuitive finding is connected to the fact that sensitizers, like precursors, form a hydrophobic core in the interior of the micelle, thereby increasing the allowed size of stable aggregates, in addition to stabilizing them overall. Since the stability of the core itself increases with its size, once large enough, it becomes nearly impossible for the core and therefore the protocell as a whole to divide. Instead, the instability caused by the excess surfactants is addressed by rejecting excess individual surfactants one at a time. The results suggest that the volume of the sensitizer molecules most likely will affect the fission dynamics when a certain threshold is reached.
Many open questions about systemic issues are still left unanswered by these initial investigations. The main open issues include:
1. What is the effect of heating the whole system in order to dehybridize the gene templates?
Obviously, the lipid aggregate has to be more heat tolerant than the gene duplex.
2.
What is the effect of defining the gene duplex as the photocatalyst, as in the originally proposed protocell design [28] ? In our simulations, the sensitizer has been assumed to do the photofragmentation without any genetic catalysis. Also, what is the effect of having the sensitizer as a separate molecule (as reported here) versus covalently linking it to the gene, for example, as one of the lipophilic anchors?
3. What is the effect on the overall protocell replication if both the gene precursors (oligomers) and the lipid precursors are supplied to the solution and have to diffuse to the protocell? In such a case, will we see the coordinated gene and container growth based on reaction kinetics predicted by Rocheleau et al. [29] ? As gene replication is necessary before container division for two viable daughters, can that be ensured in other ways than through a sequential resource supply? 4. What new issues arise when the protocell goes through more than one generation of its life cycle, for example, due to complementary resource sequence supplies?
Subsequent work in this area must also relate the DPD simulation implementation in this publication and its dynamics with corresponding molecular dynamics simulations [32] and reaction kinetics studies [18] as well as experimental findings as they arise.
Conclusion
The overall replication dynamics that constitute the life cycle of the Los Alamos bug was implemented using DPD simulations. In particular, we investigated the dynamics of container, metabolic complex, and genome subsystems, as well as the mutual interaction between these individual components. Component diffusion, self-assembly, precursor incorporation, metabolic turnover, template-directed replication of the gene, and finally the protocellular division were studied in various simulations. The main systemic findings are:
1. Metabolic growth orchestration can be coordinated by a switchable light source and/or by a continuous light source together with regulation of the size and frequency of the oily precursor package injection; this was not anticipated.
2. As anticipated, there is a trade-off between the lipophilic strength of the genetic backbone that makes it stick to the aggregate and its ability to hybridize easily with a complementary string.
3. As anticipated, for PNA with hydrophobic side chains, three-dimensional structure formation that can potentially inhibit appropriate hybridization is more likely in water than at an oil-water or lipid-water interface, although this is in part also dependent on the type of hybridization attraction.
4. Gene replication is easier at the surface of a micelle with a substantial oil core than for a micelle with a little or no oil core. The larger the oil core is, the easier the gene replication becomes, due to the aggregate stability and the ability to have a linear template.
5.
As anticipated, the stability of two full complementary gene strings is much higher than that of a gene template and two complementary unligated gene pieces. 6 . We observe that the template directed replication rate is dependent on the monomer component sequence and not only on the monomer component composition.
7. Partition of lipids, sensitizers, and gene between daughter cells strongly depends on the size of the oil core. The smaller the oil core is, the more balanced the partition becomes, which was not anticipated.
These systemic findings are now being considered in the experimental designs being pursued as part of the Protocell Assembly (PAs) and Programmable Artificial Cell Evolution (PACE) collaborations, and their validity will eventually be addressed as the experiments are executed.
